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Summary
StyR belongs to the FixJ subfamily of signal trans-
duction response regulators; it controls transcription
of the styABCD operon coding for styrene catabolism
in Pseudomonas fluorescens ST. The crystal struc-
ture of unphosphorylated StyR is reported at 2.2 Å
resolution. StyR is composed of an N-terminal regula-
tory domain (StyR-N) and a C-terminal DNA binding
domain (StyR-C). The two domains are separated by
an elongated linker  helix (34 residues), a new fea-
ture in known response regulator structures. StyR-C
is structured similarly to the DNA binding domain of
the response regulator NarL. StyR-N shows structural
reorganization of the phosphate receiving region in-
volved in activation/homodimerization: specific resi-
dues adopt an “active-like” conformation, and the 4
helix, involved in dimerization of the homologous
FixJ response regulator, is trimmed to just one helical
turn. Overall, structural considerations suggest that
phosphorylation may act as an allosteric switch, shift-
ing a preexisting StyR equilibrium toward the active, di-
meric, DNA binding form.
Introduction
Two-component signal transduction systems are in-
volved in regulating a wide number of key cellular pro-
cesses, such as chemotaxis, osmoregulation, metabo-
lism, and transport (Stock et al., 1989; Mizuno, 1997;*Correspondence: martino.bolognesi@unimi.itBijlsma and Groisman, 2003). They are widespread among
prokaryotes, and they are also present in some archea
and lower eukaryotes (Stock et al., 2000). For example,
the Pseudomonas aeruginosa genome encodes 63
pairs of two-component signal transduction system
proteins (Rodrigue et al., 2000), whereas 34 such pairs
are found in Bacillus subtilis (Fabret et al., 1999). Two-
component signal transduction systems are composed
of a sensor histidine kinase (HK; of widely different
sizes, ranging from 40 to 110 kDa) and a response regu-
lator (RR; about 25 kDa). In the presence of a proper
chemical signal, the HK component catalyzes the ATP-
dependent autophosphorylation at a specific histidine
residue, subsequently transferring the phosphoryl group
to a conserved aspartate in the N-terminal regulatory do-
main of the RR component. Such phosphorylation trig-
gers the activation of the C-terminal effector domain,
which binds specific DNA sequences in most two-com-
ponent systems and regulates transcriptional initiation.
In Sinorhizobium meliloti, the FixL/FixJ two-component
system regulates the expression of the nitrogen fixation
genes (David et al., 1988). In Escherichia coli, the EnvZ/
OmpR pair regulates the expression of two outer mem-
brane porins, in response to environmental osmolarity
(Mattison et al., 2002), whereas NarX/NarL and NarQ/
NarP activate anaerobic respiration by using nitrate or
nitrite as electron acceptors (Stewart and Rabin, 1995).
RR components contain a highly conserved N-terminal
regulatory domain, built by about 125 residues, displaying
a (βα)5 fold and a specific variable C-terminal effector
domain (West and Stock, 2001). The RR component regu-
latory domain displays three distinct activities: Mg2+-
dependent phosphoryl transfer from phosphodonors,
phosphatase activity, and the phosphorylation-depen-
dent regulation of the effector C-terminal domain(s).
Phosphorylation of the RR regulatory domain activates
the effector domain(s), ultimately eliciting the specific
output response (Stock et al., 2000; West and Stock,
2001). In diverse RRs, phosphorylation can either en-
hance DNA binding affinity (as for OmpR; Aiba et al.,
1989), or result in relief of the effector domain inhibition,
through modification of steric contacts with the N-ter-
minal regulator domain (as for PhoB; Allen et al., 2001).
RR phosphorylation has been recognized to promote
dimerization (and activation) of FixJ, as a result of mod-
ification of the protein structure at a specific surface
location (Birck et al., 1999). Higher oligomerization, and
the key contribution of an extra central domain, has
been reported in the case of the nitrogen regulatory
protein NtrC (Kern et al., 1999), whereas association
with cognate protein(s) is observed in the phosphory-
lated CheY system (Schuster et al., 2001). In the last
few years, the relevance of the RR interdomain linker
region as well as that of the N-terminal/C-terminal inter-
domain contacts has been examined in relation to the RR
activation and inactivation mechanisms (Mattison et al.,
2002; Robinson et al., 2003). In the OmpR RR, the linker
region has been shown to affect the DNA binding prop-
erties of the C-terminal domain, whereas the N-terminal
Structure
1290domain appears to be involved in the interaction with
RNA-polymerase (Walthers et al., 2003).
StyS/StyR is the two-component signal transduction
system of Pseudomonas fluorescens that regulates the
expression of genes coding for styrene catabolism. StyS,
the HK element, consists of two modules endowed with
autokinase activity, separated by an internal receiver
domain, and of two input domains, both containing a
PAS subdomain. One of the two PAS domains is homol-
ogous to that of FixL HK, which houses a heme group,
while the other is likely involved in detecting the pres-
ence of environmental styrene. StyR belongs to the
FixJ/NarL subfamily of response regulators. Phosphor-
ylation of StyR triggers dimerization, enhancing the
DNA binding affinity of the effector domain by about
ten-fold (Leoni et al., 2003). We have recently shown
that phosphorylated StyR can bind PstyA, the promoter
of the styrene catabolic operon, at three distinct sites
with different affinities; PstyA acts both as an activator
and a repressor, depending on the promoter site/s it
occupies. Thus, the amount of phosphorylated StyR is
the main factor that allows a fine modulation of styrene
catabolic gene expression (Leoni et al., 2005). There-
fore, StyS can sense styrene and the redox status of
the cell; integrating these signals, StyS controls the de-
gree of StyR phosphorylation, according to host cell
physiology.
In this context, and in view of its potential biotechno-
logical relevance, we have approached the crystallo-
graphic study of the StyR system, whose structure may
provide information complementary to that provided by
the homologous RRs FixJ and NarL, studied in different
functional and structural states (Birck et al., 1999, 2002;
Maris et al., 2002; Baikalov et al., 1996). Here, we report
the three-dimensional structure of the full-length StyR
(unphosphorylated monomeric form), at 2.2 Å and at
2.9 Å resolution, after different treatments of the crys-
tallized protein. The crystal structures of monomeric
StyR disclose structural features that may underlie new
aspects of the phosphate binding activation region and
suggest further details in the protein activation mecha-
nism. On one hand, the residues held to be involved in
transmission of structural changes after phosphoryla-
tion are found in an “active-like” conformation. On the
other hand, the α4 helix, involved in FixJ active dimer
formation upon phosphorylation, is trimmed to only one
helical turn, hampering its use as a lever in transducing
the phosphorylation effects over the protein surface.
Results and Discussion
Overall Structure of Monomeric StyR
The unphosphorylated monomeric StyR crystallizes in
the monoclinic P21 space group, accommodating one
monomer in the asymmetric unit. The protein structure
was solved by two successive applications of the mo-
lecular replacement technique, using as independent
search models the FixJ-N (PDB code: 1DBW) and a part
of the C-terminal domain of NarL (NarL-C; PDB code:
1A04), respectively. The two successive molecular re-
placement searches allowed us to locate the StyR
N- and C-terminal domains (StyR-N and StyR-C, re-
spectively). Subsequently, difference Fourier maps and
refinement allowed us to model build the interdomain
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tinker region (residues 128–142) and the last α helix (α9)
f the StyR-C domain (residues 186–200). The final pro-
ein model, refined at 2.2 Å resolution, hosts all StyR
esidues in the 3–200 sequence range, including the
inker region, a bound Mg2+ ion, 91 water molecules,
nd 3 Hg2+ ions (introduced by a test heavy-atoms
oak; see Experimental Procedures).
Like most RRs (Stock et al., 2000), StyR is composed of
wo domains: the N-terminal regulatory domain StyR-N
residues 1–127), and the C-terminal, DNA binding, ef-
ector domain StyR-C (residues 142–208), separated by
linker region (see Figure 1). However, in contrast with
he other full-length RRs of known three-dimensional
tructure, which display evident interdomain contacts,
r close location of the N- and C-terminal domains
NarL [Baikalov et al., 1996]; CheB [Djordjevic et al., 1998];
rrD [Buckler et al., 2002]; DrrB [Robinson et al., 2003]),
he StyR-N and StyR-C domains are separated by a
traight linker region, adopting α-helical conformation.
he linker helix (residues 128–141) merges with the last
elix (α5; residues 108–127) of the StyR-N domain,
ielding a continuous α-helical stretch of 34 residues. The
elical linker thus keeps the two StyR domains com-
letely separated, their nearest residues laying more than
6 Å apart. Incidentally, we note that a sizeable separa-
ion of the two StyR domains is one of the prerequisites
or their accessibility by the HK and by the cognate DNA
egment, respectively.
Interestingly, the elongated StyR structure appears to
e conserved in solution, as suggested by the agree-
ent between the protein hydrodynamic radius (2.4
m) measured by Dynamic Light Scattering (see Experi-
ental Procedures) and the gyration radius calculated
rom the crystal structure (2.44 nm). In comparison, the
yration radius calculated on the crystal structure of
he inactive RR NarL (23.8 kDa), which displays close
acking of its N- and C-terminal domains (Baikalov et
l., 1996), is 1.6 nm. On the other hand, the gyration
adius measured by small angle X-ray scattering on un-
hosphorylated FixJ is 2.1 nm, with a proposed protein
ertiary structure displaying contact between the N- and
-terminal domains (Birck et al., 2002).
tyR N-Terminal Regulatory Domain
he StyR-N receiver/regulatory domain displays the
ypical (βα)5 fold observed in other RRs (e.g., Robinson
t al., 2003) that is built by five parallel β strands assem-
led in a central β sheet with the β2β1β3β4β5 topology;
he sheet is surrounded by five α helices (α2, α3, and
4 on one side, and α1 and α5 on the other) (Figure 1).
he StyR-N domain is structurally closely related to
ixJ-N, displaying an amino acid sequence identity of
3%, over 122 residues. Such high sequence homology
s reflected by the low Cα rmsd values (1.9 and 1.7 Å)
alculated after superposition of 6–120 Cα pairs of
tyR-N and FixJ-N-Mn (i.e., the Mn2+ bound unphos-
horylated FixJ-N domain; PDB code: 1DCK; Gouet et
l., 1999) and FixJ-N-PO3 (i.e., the phosphorylated
ixJ-N domain; PDB code: 1D5W; Birck et al., 1999),
espectively. The largest structural deviations between
he N-terminal domains of StyR and FixJ occur in the
4-α4 loop and in the α4 helix, the latter being drasti-
ally shortened in StyR (see Figures 2 and 3). Notably,
he β4-α4 loop and the α4 helix are pivotal for FixJ-N
StyR Response Regulator Structure
1291Figure 1. Overall Fold of Unphosphorylated
StyR
The StyR-N domain showing the (βα)5 fold is
depicted in yellow (β strands 1–5) and in blue
(α helices 1–4). The phosphorylation site res-
idues, together with Thr83 and Phe102, the
residues transmitting phosphorylation ef-
fects on the protein surface, are indicated in
ball and stick representation. The α5 helix,
last in the StyR-N domain and continuously
connected with the interdomain linker helix,
is colored in red. In the StyR-C domain, the
proposed DNA binding helix-turn-helix motif
is shown in blue (α8 is the recognition helix),
and the hypothetical C-terminal dimerization
helix is shown in light brown. Water mole-
cules are shown as red spheres; a purple
sphere indicates the Mg2+ ion. The inset pro-
vides details of the coordination sphere
around the Mg2+ ion; a carbonyl group pro-
vided by the backbone of residue Arg57, one
of the two axial ligands in the Mg2+ coordi-
nated octahedron, is shown as C=O only, for
display purposes.Figure 2. Conformational Changes in the N-Terminal Domains of Different RRs, following Phosphorylation
(A) Superposition of a selected region around the phosphorylation sites in StyR-N (gray), FixJ-N-PO3 (red), and FixJ-N-Mn (blue) (stereoview).
StyR residues Thr83 and Phe102 adopt an “active-like” conformation, closely matching that of FixJ-N-PO3. Note the trimming of the α4 helix
of StyR-N to one helical turn and the elongation and the structural deviations in the different α4-β4 loops.
(B) Superposition of a selected region around the phosphorylation site in Hg-treated StyR (gray) and in Hg-free native StyR (ochre). The
protein region is displayed in an orientation comparable to that of (A). The 2Fo-Fc electron density for residues Thr83 and Phe102 of the Hg-
free protein (2.9 Å resolution) is displayed (contoured at 1σ level).
Structure
1292Figure 3. Trimming of the StyR-N α4 Helix
Stereoview of the superposition between heli-
ces α3 and α4 in StyR (gray) and FixJ (blue);
two substitutions (FixJ / StyR), Ala90 /
Thr91, in the β4-α4 loop, and Leu66/ Gln67,
in the α3 helix, are proposed to promote the
different orientation and elongation of the α4
helix in StyR and FixJ.dimerization/activation (Birck et al., 1999). Exclusion of
such a region (residues 83–99) from the superposition
decreases the rmsd value to 1.4 Å, for both FixJ-N-Mn
and FixJ-N-PO3 superpositions.
The StyR-N domain expected phosphorylation site is
located in a cleft surrounded by three loops (β1-α1, β3-
α3, β4-α4; Figures 1 and 2), at the C-terminal end of the
β sheet. This site hosts the three fully conserved resi-
dues Asp12, the phosphate receiver Asp55, and Lys105,
as well as a Mg2+ ion. The latter is required for phos-
phorylation or dephosphorylation of the RR. The Mg2+
ion displays a regular octahedral coordination and is
linked to the carboxyl O atoms of Asp12 (2.2 Å) and
Asp55 (2.0 Å), to the carbonyl O of Arg57 (2.1 Å), and to
three ordered water molecules (w5, w6, and w7, mean
coordination distance 2.1 Å; Figure 1). A structured
water molecule (w47) bridges between the Mg2+ coordi-
nation sphere (w6) and the hydroxyl of the Thr83 side
chain (hydrogen bonds of 3.2 and 3.0 Å, respectively);
Thr83 is the RR conserved residue described as being
essential for signal transduction upon phosphorylation
of FixJ-N (Birck et al., 1999). As a consequence of the
hydrogen bond network linking Mg2+ and Thr83, the
latter residue adopts an orientation close to that dis-
played in activated FixJ-N-PO3 (Figure 2). This indi-
cates that Thr83 is present in an “active-like” confor-
mation in the unphosphorylated StyR-N. Accordingly,
Phe102, the second pivotal residue for activation (partly
conserved as Phe/Tyr in other RRs), also displays an
“active-like” conformation, occupying a core cleft be-
tween the β4-α4 loop and the β5 strand, cleared by the
Thr83 shift (Figure 2).
The above-described structural findings, unexpected
in unphosphorylated StyR, can be related to the exist-
ing views on two-component system phosphorylation.
In fact, two models describing the effect of RR phos-
phorylation and activation have been reported so far:
(1) phosphate binding induces a completely new RR
structural state; or (2) it simply shifts a preexisting equi-
librium between inactive and active protein species (al-
losteric activation), in a process reminiscent of the T4
R transition of haemoglobin. In the latter case, both the
inactive and active conformations would be accessible
to the unphosphorylated RR, and phosphorylation
would allosterically shift the equilibrium toward the
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hctive form (Stock and Da Re, 2000; Stock et al., 2000;
est and Stock, 2001; Volkman et al., 2001).
ctivation Mechanism in the StyR-N
egulatory Domain
n the absence of a crystal structure for phosphorylated
tyR, some insight into the expected structural modifi-
ations linked to its activation can be gained by com-
arison with the FixJ-N-Mn and FixJ-N-PO3 structures
Birck et al., 1999). Although only activated FixJ is di-
eric in solution, both crystal structures of FixJ-N-Mn
nd FixJ-N-PO3 display a dimeric assembly (Birck et
l., 1999; Gouet et al., 1999). Inspection of such crystal
tructures shows that the main differences between the
wo forms (i.e., non-active/active) are related to the ab-
ence/presence of hydrogen bonding between Thr82
nd the phosphoryl group covalently linked to Asp54;
t is this hydrogen bonding that triggers local conforma-
ion readjustments. The location of the Thr82 side chain
n FixJ-N-PO3 leaves room for a specific conformer of
he Phe101 side chain, which moves to fill an internal
avity, as observed in StyR-N. The Thr82-phosphate
ydrogen bond operates as a switch (Birck et al., 1999),
tabilizing the β4-α4 loop in a conformation that sets
he α4 helix orientation. This, in turn, stabilizes a mutual
isposition of the two protein molecules in the active
omodimer that is different from that observed in the
nactive dimeric species (i.e., FixJ-N-Mn; Birck et al.,
999). Such an activation mechanism has been recog-
ized as being conserved in most RRs (Robinson et
l., 2000).
In the StyR structure, α4 is drastically shortened to
nly one helical turn (Figures 1–3), which is different
rom what is seen with the other RRs. This lack of sec-
ndary structure may indeed hamper the propagation
f the conformational transitions expected (upon phos-
horylation) when Phe102 fills the cavity left by Thr83
eorientation. The diverse extension of the β4-α4 loop,
nd of the α4 helix, may be related to two amino acid
ubstitutions, Leu66 / Gln67, in the α3 helix, and
la90/ Thr91, in the β4-α4 loop of StyR-N relative to
he FixJ-N domain (Figure 3). Residue 67 is hydropho-
ic (being mostly Leu) in 12 RRs of known structure.
n StyR, the Thr91 OH and the Gln67 NH2 groups are
ydrogen bonded to the main chain N and carbonyl O
StyR Response Regulator Structure
1293Figure 4. An Inferred Model for the Dimeric Assembly of the
StyR-C Domain
Superposition of the monomeric StyR-C domain (gray, left-hand
side) on the experimental structure of the dimeric NarL-C/DNA
complex (yellow/red, respectively; the NarL-C DNA recognition he-
lix is drawn in blue) may shed light on the StyR-C/DNA recognition
motifs. Such a model, however, does not allow the remaining re-
gions of StyR to be brought into proper contact; therefore, these
regions are shown only for one of the two expected StyR subunits
(gray).atoms of Ala94, respectively (Figure 4). Such hydrogen
bonds provided by the substituted residues are likely
responsible for the rearrangement of the α4 helix,
prompting partial loss of secondary structure. Interest-
ingly, activation/dimerization of the response regulator
CheY induces both reorientation and elongation (from
6 to 9 residues) of the α4 helix (Lee et al., 2001), sug-
gesting the possibility of a similar mechanism, although
on a larger scale for StyR, considering the almost total
loss of the α4 helix in the unphosphorylated species.
The Role of External Ions in the StyR
‘Active-like’ Conformation
It has been mentioned above that three Hg2+ ions are
present in the StyR crystal structure, in relation to a
heavy-atoms soak experiment that allowed for collec-
tion of the highest-resolution data set available for the
protein (see Experimental Procedures). Inspection of
the binding sites shows that one of the Hg2+ ions is
bound to His85, in the α4-β4 loop, and, at the same
time, is an intermolecular bridging ion within the crystal
lattice (connected to His43 of a symmetry-related mole-
cule). In consideration of such heavy-atom binding, we
further investigated whether the Hg2+ ion could affect
the local protein conformation, promoting the transition
toward an “active-like” conformation. An independent
2.9 Å resolution data set was collected on unphosphor-ylated StyR, in the absence of Hg2+ ions, and the struc-
ture was refined as described in Experimental Pro-
cedures (R factor = 26.5%, Rfree = 35.2%).
Comparison of the two StyR structures yields an
rmsd value of 0.64 Å for the overlay of the regulatory
domains (residues 3–124), and of 0.39 Å for the overlay
of the DNA binding domains (residues 146–200). In-
spection of the β4-α4 loop and of the conformation dis-
played by Thr83 and by Phe102 (Figure 2B) indicates
that in the absence of the heavy atom, the StyR-N do-
main essentially adopts the “inactive” conformation, in
which the two residues and the loop closely resemble
the structure observed in FixL-N-Mn (Gouet et al.,
1999). It is also worth noting that in the Hg-free StyR
structure, the β4-α4 loop displays signs of conforma-
tional disorder, as suggested by segments of broken
electron density at residues 85–87.
Although the effect of Hg2+ on a possible shift of the
(allosteric) equilibrium toward the active species can-
not be quantitatively assessed based on the present
data only, it can be argued that the β4-α4 loop shifts,
and the Thr83 and Phe102 transitions observed in the
presence/absence of Hg2+, support the idea that the
StyR-N-activated structure is easily accessible within
the dynamic structural ensemble of the unphosphory-
lated protein, since it does not require large conforma-
tional changes and can be triggered by just ionic in-
teractions. Moreover, taken together, the structural data
indicate that the combined effects of Hg2+ and Mg2+
ions closely mimic the effects of Asp55 phosphoryla-
tion, facilitating the transition toward the “active-like”
StyR-N conformation observed in the higher-resolu-
tion structure.
StyR C-Terminal DNA Binding Domain
RRs can be grouped into different subfamilies based
on the varying structure of their C-terminal effector do-
mains (absence of any C-terminal domain, differences
in the DNA binding domains; RNA antitermination do-
main; various catalytic domains) (Stock et al., 1989); on
this basis, StyR belongs to the FixJ/NarL subfamily. The
StyR-C domain is essentially composed of four helices
(α6–α9), building the DNA binding domain, where helix
α8 plays the role of a DNA-recognition helix (Maris et
al., 2002; Figures 1 and 4). The superposition of the
C-terminal domains from StyR and NarL (sequence
identity 50%, over 50 amino acids), with the exclusion
of the α9 helix (amino acids 143–189), yields an rmsd
value of 0.6 Å. After structural matching of the two do-
mains, the C-terminal α9 helices of the two proteins are
located 3 Å apart; it should be noted that the α9 helix is
involved in dimerization of NarL upon palindromic DNA
association (Maris et al., 2002; Figure 4).
The overall StyR/NarL structural match, but also their
localized structural differences, allows us to cast some
hypotheses about the molecular mechanism of DNA
recognition. In the NarL-C domain, the α8 DNA recogni-
tion helix (15 amino acids long) contains only three resi-
dues (Lys188, Val189, and Lys192) directly contacting
bases in the DNA major groove, whereas Arg159,
His190, and Arg203 electrostatically interact with DNA
phosphates (Maris et al., 2002). Thus, DNA recognition
by the NarL-C domain has been described as being
Structure
1294mostly dependent on several concomitant factors, such
as solvation, van der Waals interactions, and inherent
DNA bendability. Correspondingly, the DNA palindromic
sequences recognized by the two proteins are 87%
conserved in the alternation of purines and pyrimidines
(1-TATTTGGTGCCAAATA-16, and 1-TACCCATTAATGG
GTA-16, for StyR and NarL recognized sequences, re-
spectively).
Modeling of the StyR-C interaction with its cognate
DNA palindromic sequence can be achieved based on
the NarL-C domain/DNA complex structure (Maris et
al., 2002). The DNA α8 recognition helix of StyR-C
displays 47% identical residues to the NarL-C domain
α8 helix; the expected “DNA-contacting” residues in
StyR-C would be Lys175, Val176, and His179. Analysis
of the StyR-C/DNA docked model indicates that the
StyR-C Val176 residue could productively contact the
methyl groups of the two thymidines in the TAT se-
quence motif. Such hydrophobic interaction appears to
be closer to ideal than the corresponding contact dis-
played by the NarL-C Val189 residue contacting the
corresponding TAC sequence motif (Maris et al., 2002).
However, modeling of the StyR/DNA complex does not
provide clear indications on the role played by the addi-
tional two putative DNA-contacting residues Lys175
and His179. Finally, two of the three DNA-phosphate
binding residues in NarL-C (Arg159 and His190) are
conserved in StyR-C (Arg146 and His177), whereas the
third is mutated (Arg203 / Leu190). Interestingly, the
latter residue substitution, potentially affecting StyR-C/
DNA electrostatic interaction, may be counterbalanced
by the Val191/ Arg178 mutation.
StyR Linker Region
The linker region connecting the N- and C-terminal do-
mains displays both length variability and low se-
quence conservation in all RRs; however, because of
the relative abundance in glutamine residues, it has
been referred to as a Q-linker (Wootton and Drummond,
1989). Despite negligible sequence conservation, the
Q-linkers have been shown to be important in regulat-
ing interdomain communication and in modulating pro-
tein activation, or releasing inhibition (Mattison et al.,
2002). For example, in OmpR, the Qlinker plays a role in
the productive interaction with specific DNA sequences
(Walthers et al., 2003). Four three-dimensional struc-
tures of full-length RRs (NarL, CheB, DrrD, and DrrB), all
in their inactive unphosphorylated states, are present in
the Protein Data Bank (Berman et al., 2000). In all cases,
the RR structures are monomeric and display extensive
contacts between their N- and C-terminal domains, and
their Q-linkers are substantially devoid of any second-
ary structure. Such packed interdomain arrangements
would be in keeping with inhibition of N-terminal
domain dimerization/multimerization, with the lack of
C-terminal domain effector accessibility to DNA, and
with the ensuing lack of activity (Baikalov et al., 1996).
Phosphorylation of NarL has been shown to trigger ac-
cessibility to the C-terminal domain, likely by hinge
bending motion of the Q-linker, allowing the otherwise
hindered binding of DNA (Zhang et al., 2003). Similarly,
the C-terminal domain methylesterase activity of CheB
is inhibited by interaction with the N-terminal regulatory
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oomain when the protein is unphosphorylated (Djord-
evic et al., 1998).
In contrast to the above-described cases, the StyR
tructure reported here displays a clear separation of
he N- and C-terminal domains, based on the extended
-helical arrangement of the Q-linker region, which acts
s an elongation of the StyR-N α5 helix (Figure 1). The
esulting α helix (residues 108–141) locates the centers
f mass of StyR-N and StyR-C domains at about 48 Å
part. Therefore, the unphosphorylated StyR-C domain
isplays an orientation and accessibility that, in con-
rast with the other inactive RR effector domain struc-
ures mentioned above, may support DNA binding. Ac-
ordingly, unphosphorylated StyR binds DNA (albeit
o lower affinity than the phosphorylated species), as
hown by gel retardation experiments (Leoni et al.,
003). Thus, in contrast to NarL and CheB (Maris et al.,
002; Djordjevic et al., 1998), full activation of StyR
pon phosphorylation may mainly require the achieve-
ent of the dimeric state, needed for palindromic DNA
ecognition, rather than the release of inhibition through
eadjustment of interdomain contacts and substantial
elocation of the DNA binding domain. In fact, the
tyR-C domain may already be properly oriented for
ccess to DNA in the unphosphorylated (monomeric)
rotein.
The presence of an extended α helix in the Q-linker
egion has been observed before in structurally related
roteins not belonging to the RR family. In fact, the anti-
erminator AmiR, in complex with its ligand-sensitive
egative regulator AmiC, displays a 19 residue linker
elix separating the N- and C-terminal domains that is
nvolved in a coiled-coil dimeric interface (O’Hara et al.,
999). On the other hand, the Q-linker of the putative
ranscriptional antiterminator Rv1626 from Mycobacte-
ium tuberculosis is divided into two helical segments
y a kink, related to the presence of a Gly residue
Morth et al., 2004). It should be considered, however,
hat the role played by the linker region in these pro-
eins may be quite different in light of their differing acti-
ation mechanisms.
nsight into the Active Dimer Structure
he overall structure of unphosphorylated StyR, with
wo clearly separated domains, together with its ability
o bind DNA (although at a lower affinity with respect
o the phosphorylated, dimeric StyR), prompted us to
peculate that StyR could also dimerize in its unphos-
horylated state. Thus, StyR samples, either phosphor-
lated with acetylphosphate or not phosphorylated,
ere treated with the disuccinimidyl suberate cross-
inking agent prior to SDS-PAGE and Western blot
nalysis. Native PAGE analysis performed on the acet-
lphosphate-treated samples showed that more than
9% of phosphorylated StyR was in the dimeric form,
rior to disuccinimidyl suberate treatment (data not
hown). After crosslinking and denaturing SDS-PAGE
nalysis, more than 50% of the acetylphosphate-
reated StyR migrated as the monomeric form (ca. 25
Da), indicating that the extent of protein-protein cross-
inking was not complete. As shown in Figure 5, how-
ver, the unphosphorylated StyR can also form dimers
f the predicted size, indicating that phosphorylation
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Arrows indicate the monomeric and the dimeric forms of StyR.
(A) Coomassie-stained nondenaturing polyacrylamide gel of un-
phosphorylated StyR (lane 1) and phosphorylated StyR (lane 2).
(B) In vitro crosslinking of unphosphorylated (lane 1) and phosphor-
ylated (lane 2) StyR. After incubation with the crosslinking agent
disuccinimidyl suberate, proteins were separated by SDS-PAGE
and revealed by Western hybridization as described in the Experi-
mental Procedures. The positions of the molecular mass standards
are indicated on the left of the picture. The bracket indicates StyR
crosslinked products of high molecular weight. The presence of
monomeric StyR in lane 2 indicates that crosslinking was not com-
plete.shifts the equilibrium from the inactive (monomeric)
form toward the active (dimeric) form, likely through
stabilization of the latter species.
Based on the structures of FixJ-N or NarL-C domain
dimers (Birck et al., 1999; Maris et al., 2002), two mod-
els of the StyR dimer can be proposed. The dimeric
StyR-C model, based on structural homology with the
NarL-C/DNA dimer (Maris et al., 2002), sheds light on
the possible DNA interactions (discussed above; see
Figure 4), but, because of a different orientation of the
α5 helices in the two proteins, it fails to bring into ade-
quate contact the StyR-N domains. On the other hand,
a dimeric model based on StyR-N association through
the α4, β5, and α5 secondary structure elements, as
observed in FixJ-N (Birck et al., 1999), generates both
clash and unfavorable orientation of the DNA binding
elements in the StyR-C domains. Such considerations
suggest that phosphorylation of the StyR-N domain
should promote a different orientation of either the α5
helix or of the entire StyR-C. The extent and precise
location of these (and/or other) conformational read-
justments promoting association into the dimeric StyR
species cannot be anticipated based on the structural
data presently available.
Conclusions
We have reported here the three-dimensional structure
of the unphosphorylated “active-like” form of the re-
sponse regulator StyR, which, in P. fluorescens, deter-
mines expression of the styrene catabolic pathway. Our
crystals and solution data show that, in contrast with
other full RR structures, StyR displays a striking sepa-
ration of the N-terminal (regulatory) from the C-terminal
(DNA binding) domains, which are linked by an ex-tended spacer α helix. Such a tertiary structure ar-
rangement exposes most of the StyR-C domain surface
to solvent, allowing access to the DNA recognition he-
lix. In keeping with such static structural observation,
unphosphorylated StyR is reported to bind DNA, al-
though with lower affinity relative to the active phos-
phorylated species. The crystal structure additionally
shows that residues Thr83 and Phe102, held to trigger
the main protein structural reorganization after phos-
phorylation, adopt an “active-like” conformation follow-
ing interaction with a Mg2+ ion and a Hg2+ ion intro-
duced for crystallographic purposes. Our observations
support the idea that in the RR activation mechanism
phosphorylation would stabilize a protein conformation
that is partly accessible already to the unphosphory-
lated StyR. In such a view, the phosphoryl group would
act as an effector shifting the StyR molecular popula-
tion equilibrium toward the “active” species, similar to
the well-known T4 R transition of hemoglobin.
Structural studies within the FixJ RR subfamily (to
which StyR belongs) suggest that the phosphorylation-
mediated activation of the N-terminal regulatory domain
is transmitted by the β4-α4 loop through a Thr83-phos-
phate hydrogen bond, resulting in a displacement of
the α4 helix crucial for formation of the active RR ho-
modimer interface. The active RR homodimer would
then be competent for productive DNA binding through
the C-terminal domain. In view of the dramatic shorten-
ing of α4, of the enhanced structural flexibility of the
β4-α4 loop, and of the elongated Q-linker region, the
events that, after phosphorylation, shift StyR equilib-
rium from the monomeric “active-like” to the dimeric
“active” state may involve additional structural factors,
whose dissecting will require study of the StyR/DNA
complex.
Experimental Procedures
StyR was expressed and purified as previously described (Leoni et
al., 2003). The protein stock solutions used (protein concentration
of 12 mg/ml, 0.48 mM), and accordingly diluted for all of the experi-
ments described below, were regularly stored at −20°C in 20 mM
Tris-HCl, 0.1 mM dithiothreitol, 0.1 mM EDTA, 0.1 M KCl, 50% (v/v)
glycerol. Recombinant StyR differs from the wild-type protein for
the extended N terminus containing the 6× His tag. Crystallization
of the unphosphorylated form was performed by using the hanging
drop setup, which involved adding 0.5 l of the crystallization me-
dium (PEG 4000, 26%–30% [w/v], 100–200 mM MgCl2, 100 mM Tris
[pH 7.9–8.5], T = 4°C) to 0.5 l of the protein stock solution. Prisma-
tic crystals, with an average size of 150 m × 75 m × 50 m, grow
in about 1 month. The best X-ray diffraction data set was collected
at 2.2 Å resolution at the ESRF Beam Line ID14-3 (Grenoble,
France; λ = 0.931 Å), after soaking one crystal for 100 min in a cryo-
protectant solution (PEG 4000 30% [w/v], 200 mM MgCl2, 100 mM
Tris [pH 8.5]) supplemented with 8 mM HgCl2. The diffraction data
were indexed and scaled with DENZO/SCALEPACK (Otwinoski and
Minor, 1997); the crystals belong to the monoclinic space group
P21, with unit cell parameters a = 41.2 Å, b = 35.9 Å, c = 73.9 Å, β =
99.1°, accommodating one StyR monomer in the asymmetric unit.
The StyR structure was solved by using two serially linked mo-
lecular replacement searches (program MOLREP [Vagin and Teply-
akov, 2000]), using as models the N-terminal domain of FixJ (PDB
code: 1DBW; amino acids 5–119) and the C-terminal domain of
NarL devoid of its C-terminal α helix (PDB code: 1A04; amino acids
155–202), respectively. The two models had been modified by trim-
ming all of the nonconserved residues in the two amino acid se-
quences that were considered to Ala. In the first molecular replace-
Structure
1296ment search (at 4.5 Å resolution), the StyR-N domain was located,
yielding an R factor value of 0.57 (0.40 for the molecular replace-
ment correlation coefficient; Vagin and Teplyakov, 2000). The StyR-C
domain was located in the subsequent molecular replacement
search (correlation = 35.1%; R factor = 52.5%; resolution 4.5 Å), in
which the N-terminal domain remained fixed, after the addition of
some lateral chains (visible in the electron density map) and rigid
body refinement (R factor = 53.2%, Rfree = 51.2%, resolution 2.2 Å).
The two domain models were better positioned as independent
rigid bodies and then subjected to simulated annealing refinement
(R factor = 38.2%, Rfree = 44.6%) (Brünger et al., 1998). Manual
building of the missing parts (with O; Jones et al., 1991), followed
by refinement cycles (using Refmac5 (Murshudov et al., 1997) and
CNS [Brünger et al., 1998]), completed the refinement. The final
protein model, refined at 2.2 Å resolution (R factor = 20.1%, Rfree =
27.5%), hosts all StyR residues in the 3–200 sequence range, in-
cluding the linker region, a bound Mg2+ ion, 91 water molecules,
and 3 Hg atoms. The Hg atoms were identified by means of an
anomalous difference map contoured at 3 σ; in the final refinement
step, Hg occupancies have been refined by fixing the metal B fac-
tor values according to those of the closest protein atoms. The
Hg1 site displays a double conformation for the neighboring Cys
residue, with 0.6 and 0.4 occupancies for the Hg atom. The Hg2
site (linked to the β4-α4 loop) and the Hg3 site display occupancies
of 70% and 40%, respectively. No trace of the N-terminal spacer
arm supporting the (His)6 tag (for a total of 17 residues) was present
in any of the inspected electron density maps.
Crystals of native StyR systematically displayed lower-resolution
diffraction relative to Hg-soaked crystals. A 2.9 Å resolution X-ray
diffraction data set was collected on native StyR at the EMBL-
DESY Beam Line BW7B (Hamburg, Germany; λ = 0.842 Å). The data
were indexed and scaled with DENZO/SCALEPACK (Otwinoski and
Minor, 1997), and were refined by using Refmac5 (R factor = 26.5%,
Rfree = 34.6%; Murshudov et al., 1997). The final model for native
(i.e., Hg-free) StyR hosts all protein residues in the 3–200 sequence
range and a bound Mg2+ ion (Table 1).
Dynamic light scattering data were collected at 10°C (by using
StyR diluted in 100 mM Tris-HCl [pH 7.5]) by using a DynaPro Dy-
namic Light Scattering Instrument (DynaPro International Ltd.,
Crowthorne, UK) and were analyzed with the DYNAMICS version
5.26.60 software package (DynaPro International Ltd.). The mea-
sured hydrodynamic radius was 2.62 nm; subtracting one water
coordination shell (0.24 nm) and assuming 0.73 ml/g as protein par-
tial specific volume, a Perrin shape factor of 1.23, corresponding to
a prolate ellipsoid having an axial ratio of about 1:4.5, was obtained
(Cantor and Schimmel, 1980), and this is in agreement with the
StyR axial ratio calculated from atomic coordinates.
A StyR crosslinking assay was performed as follows. StyR (1.7

A
1
p
d
p
o
c
6
b
s
o
w
m
G
s
p
e
A
T
C
M
R
P
E
i
t
f
t
t
c
s
p
o
p
R
R
A
P
R
A
pTable 1. StyR: Data Collection and Crystallographic Refinement Statistics
StyR: Hg StyR: Native
Resolution range (Å) 30–2.2 30–2.9
Completeness (%) 99.3 94.3
R merge (%) 8.5 (42.4)a 4.7 (11.0)b
Unique reflections 10,478 4,652
Average I/σ(I) 10 (2) 27 (3)
Redundancy 3.4 3.2
Number of active protein atoms 1,570 1,570
Number of solvent and other non-protein atoms 95 1
R factor/Rfree (%)c 20.1/27.5 26.5/34.6
Rmsd from ideal geometry
Bond lengths (Å) 0.012 0.011
Bond angles (°) 1.52 1.41
Ramachandran plotd
Most favored region (%) 96.6 85.8
Additionally allowed regions (%) 3.4 14.2
a Values for the outermost shell (2.24–2.20).
b Values for the outermost shell (2.95–2.90).
c Calculated with 5% of the reflections.
d Data produced with the program PROCHECK (Laskowski et al., 1993).M) was phosphorylated in vitro with acetylphosphate (Sigma-
ldrich, St. Louis, MO), in phosphorylation buffer (50 mM Tris-HCl,
0 mM MgCl2, 0.1 mM EDTA, 0.1 mM DTT, 0.1 M NaCl [pH 7.4]), as
reviously described (Leoni et al., 2003). The crosslinking agent
isuccinimidyl suberate (Sigma-Aldrich) was added to the acetyl-
hosphate-treated and untreated samples, at a final concentration
f 15 mM, followed by incubation at 20°C for 60 min. To stop the
rosslinking reaction, 5 l protein sample buffer (300 mM Tris-HCl,
00 mM dithiothreitol, 12% [w/v] SDS, 0.6% [w/v] bromophenol
lue [pH 6.8]) (Sambrook et al., 1989) was added to the protein
amples. Crosslinking products were separated by electrophoresis
n a 10% (w/v) SDS-PAGE gel (Sambrook et al., 1989). Proteins
ere electroblotted to nitrocellulose, and StyR was detected with
urine anti-6× His monoclonal antibodies (Qiagen, GmbH, Hilden,
ermany) and alkaline phosphatase-conjugate goat anti-mouse
econdary antibody (Qiagen) (Leoni et al., 2003). Native PAGE of
hosphorylated StyR was performed as previously reported (Leoni
t al., 2003).
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